In contrast to what is understood at neuromuscular previously presented in abstract form (Kuo et al., 1993; Yang et al., 1994 . synapses, we know far less about the molecular signals that control synapse formation between neurons. Previous studies demonstrate that innervation of naïve symResults pathetic ganglion neurons is accompanied by an increase in the magnitude of macroscopic currents gated Upregulation of ACh Sensitivity and nAChR by ACh (Role, 1988; Gardette et al., 1991) . The regulation Subunit Gene Expression by Innervation of ACh-evoked responses during synaptogenesis inIn Vitro and by Medium Conditioned volves changes in the number and biophysical properby Presynaptic Input ties of the nAChR channels expressed and changes in Microexplants containing the preganglionic visceral mothe profile of nAChR subunit gene expression (Jacob tor nucleus (VMN) maintained in vitro form functional and Berg, 1987; Boyd et al., 1988; Moss et al., 1989;  synapses with target sympathetic neurons within 12-24 Moss and Devay et al., 1994; Levey et al., hr. Whole-cell patch-clamp recordings from sympa-1995). Earlier studies further suggest that a soluble facthetic neurons, visually identified as contacted by pretor or factors released from presynaptic neurons may synaptic fibers, reveal both spontaneous and evoked be involved in the regulated expression of ganglionic synaptic activity (e.g., Gardette et al., 1991) . The amplinAChRs. Thus, media conditioned from either the vistude of ACh-evoked inward current in such innervated ceral or somatic motor nuclei-but not from nonneuneurons is typically 3-10 times greater than that of sibronal cells-increase the magnitude of ACh-evoked reling neurons not receiving presynaptic input ( Figure 1A ). sponses in sympathetic neurons in vitro (Role, 1988;  To assess the relationship between the increase in ACh- Gardette et al., 1991) . Studies of other peripheral and evoked macroscopic currents and changes in exprescentral cholinoceptive neurons also demonstrate that sion of the nAChR subunits, we collected the cytosol of contact with target, as well as input, influences the proinnervated neurons and of control, noninnervated cells file and level of nAChRs expressed (Arenella et al., 1993;  for semi-quantitative RT-PCR assay of the nAChR sub- Levey et al., 1995; Levey and Jacob, 1996;  Brussaard unit mRNA levels. Synaptically naïve chick sympathetic et al., 1998).
neurons innervated in vitro have increased levels of As the genes encoding the neuronal nAChR subunits expression of all four nAChR subunits, including 2-to are closely related to those of the muscle nAChRs 5-fold increases in the levels of ␣3, ␣5, ␣7, and ␤4 (Sargent, 1993; Karlin and Akabas, 1996) , the regulation mRNAs after 3 days of innervation ( Figure 1B ). of subunit gene expression in neurons and muscle may
The observed changes in ACh-evoked currents and involve similar mechanisms or related signaling molethe levels of expression of nAChR subunit mRNA do not cules. Thus, our search for possible regulators of neurequire presynaptic input per se, as media conditioned ronal transmitter receptors was initially stimulated by by explants of the preganglionic nucleus mimic the efthe identification of an Ig-NRG as the inductive signal fects of innervation. The addition of media from cultures regulating muscle AChR expression. Subsequent studof explants of the VMN (VMN-conditioned media or ies demonstrated that spinal (visceral and somatic) mo-VMN-CM) to sympathetic neurons maintained in vitro tor neurons express "Ig-minus" and Ig-containing NRG without input significantly increases both the magnitude isoforms (Corfas et al., 1995) . Based on the hypothesis of the ACh-evoked macroscopic currents and the levels that structurally distinct NRGs may serve distinct biologof nAChR subunit gene expression after 3 days (Figures ical functions, we focused our analysis of potential pre-1C and 1D). Conditioned media from somatic motor synaptic-derived regulators of neuronal nAChR expresneurons (but not from nonneuronal spinal cord cells) sion on the Ig-minus NRG isoforms. also regulate neuronal nAChR expression (Role, 1988 ; This study describes our initial identification of several Gardette et al., 1991 ; data not shown). These observasplice variants of the neuregulin-1 gene that encode tions stimulated our subsequent work to identify the Ig-minus NRGs, isolated in screens of both chick and molecule(s) responsible for the presynaptic-derived human CNS libraries. All such isoforms share considersoluble activity that regulates postsynaptic neuronal able sequence with (but are structurally distinct from) nAChR expression. SMDF, a ␤3 isoform lacking a transmembrane and a cytoplasmic domain as reported by Ho et al. (1995) . The Isolation of an Ig-Minus Neuregulin Splice Variant NRG isoform that constitutes the focus of this study is
In view of the above findings and the documented efa ␤1 transmembrane protein in which the N-terminal fects of the Ig-NRG isoform on the levels of expression of region includes a cysteine-rich domain (CRD) in place muscle-type nAChRs, we first sought to identify related of the Ig-like domain. As we have isolated several CRDneuregulin isoforms present in the developing central containing transmembrane isoforms of the NRG-1 gene, nervous system. We pursued two approaches in parallel: we term this group CRD-NRGs (or nARIA) to contrast this (1) we constructed and screened a chick spinal cord structural motif with the distinct Ig domain-containing cDNA library (ED5-ED11) with a PCR-generated probe neuregulins (Ig-NRG). Here, we report the expression derived from the chick ARIA sequence (kindly provided and function of CRD-NRG in . For ␤4, the induction is significant (p Ͻ 0.001; n ϭ 5 for control and 8 for innervated neurons) in one group (basal ␤4 mRNA level in control is low) and not significant (p Ͻ 0.1; n ϭ 7 for control and 6 for innervated cells) in another group (basal level is high). The basal level of ␤4 mRNA varies from culture to culture. (C) ED9 sympathetic neurons were cultured for 2 days and then treated with conditioned media from VMN microexplants for 3 days. AChevoked macroscopic currents were recorded from control neurons (sympathetic alone) and treated neurons (ϩCM). V h ϭ Ϫ60 mV; [ACh] ϭ 500 M. Nonparametric analyses of the ACh-evoked peak currents revealed significant increase in ACh-mediated responses of VMN-CMtreated neurons compared with controls (n ϭ 21 for control; n ϭ 25 for CM-treated neurons; p Ͻ 0.0001; four separate experiments were performed). Sample traces and the duration of ACh application (lines above traces) are shown below the plot. (D) ED9 sympathetic neurons were treated as in (C). The levels of nAChR subunit gene expression were measured by semi-quantitative RT-PCR assay. The levels of ␣3, ␣5, ␣7, and ␤4 mRNA of treated neurons are significantly higher than control (p Ͻ 0.05; n ϭ 7 for control and 7 for the CM-treated group). and unique 5Ј sequence encoding an N-terminal domain characterized are isoforms of the Ig-NRG isoforms. A schematic diagram comparing the domain structure of that includes a highly conserved hydrophobic cysteinerich domain (8 cysteines in 34 amino acids followed by CRD-NRG with Ig-NRG is shown in Figure 2C . The probes and primers used for subsequent studies are another conserved stretch of ‫03ف‬ amino acids). These variants of the neuregulin gene were referred to as cystealso indicated in the diagram. ine-rich domain neuregulin (CRD-NRG) or novel ARIA (nARIA). The 3Ј sequence-from the EGF-like domain to CRD-NRG Is Expressed in Spinal Motor Neurons prior to Synaptogenesis the end of the open reading frame-of eleven of the thirteen CRD-NRG clones is identical to that of the To test whether CRD-NRG might be an in vivo signal for neuronal nAChR expression, we examined the temporal ARIA ␤1a isoform (Figure 2A ). The remaining CRD-NRG clones are ␤2-type isoforms (CRD-NRG ␤2a and ␤2b;
and spatial pattern of CRD-NRG expression in preganglionic neurons within the spinal cord. We assessed the Figure 2B ).
All of the CRD-NRG isoforms characterized differ from pattern of expression of the CRD-and Ig-NRG isoforms by in situ hybridization, with probes specific for the previously reported NRG sequences in that they lack an Ig-like domain but include sequence encoding both N-terminal domains up to but not including the EGFlike domains of CRD-NRG and Ig-NRG. The CRD-NRG transmembrane and cytoplasmic domains. We did not detect cDNAs encoding ␤3-type CRD-NRG isoforms isoform is detected by in situ hybridization in chick embryos by day 4 in both visceral and somatic motor neu-(i.e., SMDF-like; Ho et al., 1995) from our screens of either chick or human cDNA libraries (Y. K., X. Y., and rons in embryonic spinal cord; the CRD-NRG signal is particularly evident at ED6, when the visceral motor neu-L. R, unpublished data). A comparison of chick CRD-NRG ␤1a with human SMDF ␤3 and with chick Ig-NRG rons emigrate from the somatic motor pools. By ED8, the CRD-NRG signal is strong in the visceral motor neurons ␤1a is shown in Figure 2A . The remaining seven clones (dorsomedial, adjacent to the central canal) and in the or primary sensory neurons (data not shown) prior to the establishment of target synapses may reflect the somatic motor neurons (ventral horn). The expression pattern of CRD-NRG correlates well with the expression involvement of CRD-NRG isoforms in developing neuromuscular and primary afferent synapses. of choline acetyl transferase (ChAT), which marks the population of cholinergic neurons in spinal cord, includWe examined the time of onset and the levels of expression of CRD-and Ig-NRG isoforms in more detail ing visceral and somatic motor neurons (Figure 3 ). At these developmental stages, our probes to the N-termiby Northern hybridization and semi-quantitative RT-PCR. We compared the expression of CRD-NRG and Ignal domain of Ig-NRG reveal a weaker and more diffuse pattern of expression than that detected for the CRD NRG in developing spinal cord using probes and primers corresponding to the N terminus of CRD-NRG, including isoform (this result differs from findings reported by Goodearl et al., 1995) . The expression of CRD-NRG isothe cysteine-rich domain, or corresponding to the N terminus of Ig-NRG, including the Ig domain (Figures form in preganglionic VMN prior to the establishment of projections to target sympathetic ganglia is consistent 4A, 4B, and 4C). The relative levels of expression of CRD-NRG and Ig-NRG messengers were assessed from with the involvement of this isoform in the establishment and differentiation of synapses in autonomic ganglia standard curves generated from the amplification of a construct comprised of primers specific for either the (ED11-ED17 in chick; Devay et al., 1994) . In addition, expression of CRD-NRG in somatic motor (‫ف‬ED5-ED7)
CRD-NRG or Ig-NRG. RNA blot and semi-quantitative RT-PCR analyses revealed the expression of CRD-NRG against the hydrophilic portion of the highly conserved CRD domain (amino acids 85-107; see Experimental early in spinal cord development (by ED3). The level of expression of CRD-NRG is highest by ED6. Although we Procedures). Staining of 30 m sections of spinal cord and sympathetic chain reveals expression of CRD-NRGdid not detect expression of Ig-NRG until ED6, the levels of Ig-NRG mRNA increased as the levels of CRD-NRG like immunoreactivity in visceral and somatic motor neuron cell bodies and in fibers projecting to the sympadecreased, so that by ED11 the levels of expression of CRD-and Ig-NRG isoforms were comparable in spinal thetic ganglia. CRD-NRG immunoreactivity is detected in visceral and somatic motor neurons at ED8 within cord. The early onset and peak of CRD-NRG expression coincided with the initial formation of synapses by visspinal cord ( Figure 5A ) and is also evident in preganglionic axons as they initially enter the interganglionic ceral and somatic motoneurons, consistent with our in situ results. The distinct time course of the expression connective and project to sympathetic ganglia. Structures resembling presynaptic "en passant"-type endof CRD-NRG (versus that of Ig-NRG) suggests that these isoforms may serve discrete functions in synapse formaings within ED11 ganglia are prominently stained ( Figure  5B ). We confirmed specificity of the antibody to the tion and/or synapse maturation in vivo. supporting the proposed role of CRD-NRG in regulating 
CRD-NRG isoform by Western blot analysis of recombinant CRD-NRG and Ig-NRG under denaturing and non-CRD-NRG Protein Is Present in Visceral Motor

CRD-NRG Recombinant Protein and Presynaptic
for Northern blots. The blot was hybridized with Ig-NRG-specific
Input-Derived Material Induce Receptor
probe and then stripped and reprobed with the CRD-NRG-specific
Tyrosine Phosphorylation in Embryonic
probe ( Figure 2C ) under the same high stringency conditions. The
Sympathetic Neurons
film was exposed at Ϫ70ЊC for 1 week with an intensifying screen. The filter was subsequently probed with ␤ actin probe to assess construct that included the CRD-NRG sequence in an of sympathetic neurons removed prior to synaptogeneantisense orientation (control CM). We assessed p185 sis in vivo (Devay et al., 1994) and maintained in vitro phosphorylation from cell lysate by Western blotting in the presence or absence of recombinant CRD-NRG or with a monoclonal anti-phosphotyrosine antibody. ReIg-NRG. The macroscopic currents evoked by maximal combinant CRD-NRG, Ig-NRG, and media conditioned concentrations of either ACh or GABA were assessed by presynaptic explants elicit significant increases in in nearly 300 neurons to compare the effects of CRDthe extent of tyrosine phosphorylation of the p185 band NRG with those of preganglionic input and Ig-NRG. (Figure 6A ). That synaptically naïve neurons assayed These studies extend previous work demonstrating that immediately following dispersion respond to CRD-NRG presynaptic input can increase the magnitude of AChsuggests that receptors for NRG ligands are present evoked (but not GABA-evoked) currents in sympathetic on the somata and proximal neurites of sympathetic neurons (Role, 1988; Gardette et al., 1991 Recombinant CRD-NRG, like presynaptic input and of six different neuronal nAChR subunits. A subset of VMN-CM, significantly increases the magnitude of the these, including ␣3, ␣5, ␣7, and ␤4, is significantly upregACh-evoked peak currents relative to control within 2-4 ulated during development and participates in the funcdays ( Figure 6D ). The increase in the magnitude of the tional neuronal nAChR channels expressed (Figure 1 ; ACh-evoked currents is dose dependent, with maximal Listerud et al., 1991; Devay et al., 1994 ; Ramirez-Latorre nAChR induction by CRD-NRG comparable to that elicet al., 1996; Yu et al., unpublished data). Semi-quantitaited by VMN-CM (data not shown). The effects of retive RT-PCR assay of the mRNA levels of these subunits combinant CRD-NRG is apparently confined to nAChR indicates that treatment of ED9 sympathetic neurons expression, as there is no effect on GABA-evoked rewith recombinant CRD-NRG increases the levels of exsponses ( Figure 6E ) or on overall excitability or cellular pression of ␣3, ␣5, ␣7, and ␤4 within 24 hr and that morphology (data not shown). Assay of the effects of these changes in expression persist for at least 72 hr Ig-NRG on neuronal ligand-gated ion channels revealed ( Figures 6B and 6C) . Thus, CRD-NRG recombinant proa very different result: after 2-4 days of treatment with tein mimics the regulation of nAChR subunit expression equivalent Ig-NRG activity, there is a marked increase by presynaptic input and VMN-CM. Of particular interest in the magnitude of GABA-evoked currents with a slight are the qualitatively distinct effects of Ig-NRG assayed under identical conditions. Ig-NRG, like the CRD isodecrease in the magnitude of the nAChR-mediated curform, increases the levels of expression of ␣5, ␣7, and ␤4 rents ( Figures 6D and 6E ). The analysis of these different subunits within 24 hr but differs in the lack of induction of effects of CRD-versus Ig-NRG is drawn from more than ␣3. Furthermore, although the Ig-NRG-induced increase 20 separate experiments and tested with several differin GABA expression is evident for at least 72 hr (Figure ent preparations of recombinant CRD-NRG and Ig-NRG. 6E), neither the magnitude of the nAChR-mediated current ( Figure 6D ) nor the levels of nAChR subunit gene expression are increased by Ig-NRG treatment at this CRD-NRG Is Required for Inductive Effects time. The differences between the subunit genes exof Presynaptic Neurons on Postsynaptic pressed and the time course of nAChR induction by Ig Nicotinic Responses in versus CRD-NRG are not due to differences in the initial Sympathetic Neurons amounts or relative stability of the two isoforms. Thus, To assess whether CRD-NRG is required for the reguIg-NRG at 2-to 3-fold higher concentrations does not lated expression of neuronal nAChRs during developrecapitulate the effects of CRD-NRG, and assay of both ment, antisense oligonucleotides specifically targeted recombinant isoforms reveals comparable induction of to the CRD-NRG-encoding mRNA were used to knock p185 phosphorylation in MCF7 tumor cells, even after down the levels of expression in preganglionic nuclei. the 3-day incubation in culture medium (data not shown).
Spinal In summary, we demonstrate that the CRD-NRG isoinduced by presynaptic-conditioned media ( Figure 7A ). GABA-evoked responses were unaffected by treatment form is abundantly expressed in visceral motor neurons throughout synaptogenesis, that CRD-NRG immunorewith CRD-NRG antisense, consistent with results using recombinant CRD-NRG ( Figure 7B ). Treatment of spinal activity is detected in presynaptic fibers projecting to sympathetic ganglia, and that the functional "knockcord explants with antisense oligonucleotides targeted against the Ig-NRG isoform had no effect on presynapdown" of the CRD-NRG isoform inhibits or decreases the input-induced changes in postsynaptic transmitter tic-conditioned media-induced changes in ACh responses. The efficacy of the antisense treatments in the receptor expression. Thus, the CRD-NRG isoform is a prime candidate for a presynaptic regulator of nicotinic functional deletion of each NRG isoform was confirmed by parallel assay of p185-tyrosine phosphorylation in receptor expression in developing sympathetic ganglia in vivo. a cell line (MCF7) that overexpresses all known NRG receptors ( Figure 7C) . The above findings implicate CRD-NRG as the active component of soluble material Discussion released from presynaptic neurons that is required for regulated expression of postsynaptic nAChRs.
The elucidation of the molecular mechanisms that unWe next assessed the contribution of CRD-NRG to derlie the formation and maintenance of synapses bepresynaptic contact-induced increases in postsynaptic tween neurons is of critical importance to developmental neuronal nAChR expression. In these experiments, coneurobiologists. Despite considerable progress in studcultures of spinal cord microexplants were treated for ies of nerve-muscle synaptogenesis culminating in the 3 days with oligonucleotides (mismatch or CRD-NRG identification of several key regulators of synaptic orgaantisense), and the ACh-evoked macroscopic currents nization (e.g., s-laminin, agrin, MuSK, NRG, etc.; rewere assayed in innervated neurons (as indicated by viewed by Hall and Sanes, 1993; Ruegg, 1996 ; Kleiman patch-clamp synaptic current recording). Under these and Reichardt, 1996; Fischbach and Rosen, 1997), relaconditions, the CRD-NRG antisense oligonucleotide tively little is known about the mechanisms involved in treatment significantly reduced-but did not abolishsynaptogenesis between neurons. The establishment the increase in ACh sensitivity. The average peak of of presynaptic input has been shown to regulate the ACh-evoked currents in innervated neurons treated with responsiveness to neurotransmitter in neurons (Jacob the NRG mismatch oligonucleotide ranged from ‫-3ف‬ to and Berg, 1987; Role, 1988; Arenella et al., 1993 ; Levey et 10-fold greater than identically treated noninnervated neurons. Thus, oligonucleotide treatment per se does al., 1995; Levey and Jacob, 1996) . Our previous studies indicate that preganglionic neurons or media condinot alter nAChR induction by input ( Figure 1A ). As shown in the histogram in Figure 7D , nearly 80% of the innertioned by explants of either the visceral or somatic motor pool increase the magnitude of ACh-evoked responses vated neurons treated with the mismatch oligonucleotides are 4-to 10-fold more sensitive to ACh than neuin synaptically naïve ganglionic neurons (Role, 1988; Gardette et al., 1991) . These findings guided our search rons in noninnervated, sibling cultures. Approximately 20% of these innervated neurons have a Ͻ4-fold infor soluble molecules that would be expressed by visceral and somatic motor neurons and might serve as the crease in ACh response, and none of the innervated neurons are Ͻ2.5-fold more ACh sensitive than sibling, endogenous presynaptic regulator of neuronal nAChR expression in sympathetic neurons. noninnervated neurons treated with the mismatch oligonucleotides. In contrast, treatment with antisense oligoOur studies confirm and extend previous work by demonstrating that innervation in vitro upregulates the nucleotides targeted against CRD-NRG reveals that 22% of the innervated neurons have either no increase levels of specific nAChR subunit genes and increases the magnitude of ACh-evoked macroscopic currents. or a slight decrease in the average peak ACh-evoked macroscopic currents compared with noninnervated
Although not as efficacious as presynaptic input per se, conditioned media from spinal cord explants containing antisense-treated neurons. Furthermore, 47% of the responses of innervated neurons treated with CRD-NRG the preganglionic (visceral) and/or somatic neurons mimic the effects of innervation, indicating that soluble antisense are Ͻ4-fold greater than noninnervated siblings. There were no ACh-evoked responses Ͼ6.5-fold factor(s) are involved in such regulation. The qualitative, rather than quantitative, mimicry of input by soluble facgreater than control following CRD-NRG antisense treatment. Therefore, CRD-NRG antisense treatment signifitor(s) derived from preganglionic nucleui may be due to differences in local concentration and/or presentation cantly inhibits but does not completely block the induction of ACh-evoked macroscopic currents induced by of the factor(s) in the soluble versus the membranetethered configuration. presynaptic input ( Figure 7D [histogram] ). The results summarized are from four independent experiments in Using two different cloning strategies, we identified and characterized a transmembrane splice variant of Ͼ80 cells and suggest that ongoing CRD-NRG translation is required for maximal induction of nAChRs by the NRG-1 gene. The key feature of this isoform is the linkage of a hydrophobic cysteine-rich domain to a innervation. The magnitude of ACh responses of sympathetic neurons maintained in vitro alone is unaffected ␤-type EGF-like domain followed by transmembrane and cytoplasmic domains. CRD-NRG lacks the Ig-like by treatment with either CRD-NRG mismatch oligos or region within the N-terminal domain present in all transexpression of neuronal nAChR mRNAs encoding the ␣3, ␣5, ␣7, and ␤4 subunits in synaptically naïve sympamembrane isoforms of NRG-1 gene sequences published to date, but it appears to be equivalent to an thetic neurons, similar to those induced by innervation in vivo and in vitro as well as by VMN-CM. Seventh, the isoform reported by Carroll et al. (1997) isolated from rat spinal cord library. elevated expression of each subunit gene persists for at least 72 hr upon exposure to recombinant CRD-NRG, We have isolated three splice variants of CRD-NRG (␤1a, ␤2a, and ␤2b) in chick and identified human homosimilar to the induction caused by presynaptic input or VMN-CM. logs of CRD-NRG, which reveal high sequence conservation within the cysteine-rich domain (Y. K., X. Y., and Taken together, these findings support our proposal that CRD-NRG plays an important role in synaptogenesis L. R., unpublished data; Ho et al., 1995) . The striking diversity of sequence in regions flanking the CRD region within sympathetic ganglia. Direct proof that CRD-NRG is a necessary component of input-induced differentiasuggests that the cysteine-rich domain may be functionally important (Figure 2A , comparing chick CRD-NRG tion of neurotransmitter sensitivity requires interfering with CRD-NRG expression or blocking the ability of CRDwith human SMDF). Indeed, our preliminary studies comparing the CRD-NRG isoform with Ig-NRG and an NRG to activate the endogenous receptor tyrosine kinase. Indeed, functional knockdown of CRD-NRG ex-NRG EGF-like domain (␤ form) synthetic peptide on cells expressing ErbB receptors of known composition indipression in visceral motor neurons (via antisense oligonucleotide-targeted deletion of the CRD-NRG isoform) cate significant differences in potency and efficacy of activation of ErbB3-versus ErbB4-containing receptors blocks the induction of nAChRs by presynaptic-derived conditioned media and significantly inhibits the in-(Y. K., L. R., and J. Pierce, National Cancer Institute, unpublished data). Finally, there are clear differences in creased nAChR expression by innervation. Assays of the contribution of Ig-NRG activity to nAChR expression the temporal and spatial pattern of expression of CRD-NRG and Ig-NRG isoforms throughout the CNS. More in sympathetic neurons suggest that this isoform may not be involved in the induction of neuronal nAChRs, at detailed surveys of the timing and pattern of expression of CRD-NRG in chick and mouse CNS suggest a promileast not at this stage of development. Tests of the role of CRD-NRG in regulating ACh renent role for the CRD-NRG isoform in the early development of cranial nerve nuclei, septal and peduncularsponses by innervation using the antisense knockdown approach reveal significant inhibition (but not complete pontine mesencephalic neurons, hippocampus, and neocortex as well as within brainstem (tegmental nuclei), block) of nAChR expression. The more limited effect of CRD-NRG knockdown on input-induced nAChR exprescerebellar Purkinje neurons, and deep cerebellar nuclei (D. Wolpowitz, Y. K., X. Y., and L. R., unpublished data).
sion may be due to: (1) a heterogeneous population of preganglionic neurons with only a subset of cells Recent studies using isoform-specific probes also reveal that different NRG splice isoforms have distinct expressing CRD-NRG-this proposal is consistent with our in situ analysis in which CRD-NRG-positive cells patterns of expression in the nervous system and further suggest that these isoforms may serve important funconly partially overlap with ChAT-positive cells in visceral nuclei; (2) a heterogeneous population of sympathetic tions during neural and glial development (Anton et al., 1997; Meyer et al., 1997; Rio et al., 1997) .
neurons-that is, some sympathetic neurons may not respond to CRD-NRG, whereas others do; (3) incom-CRD-NRG is a strong candidate for the first endogenous regulator of transmitter-gated ion channel expresplete knockdown of CRD-NRG expression because of the relatively low concentration of antisense oligonuclesion at interneuronal synapses. This assertion is based on several findings of the current study. First, CRD-NRG otides used in these studies to assure isoform-specific deletion; or (4) persistence of a CRD-NRG protein pool mRNA expression is detected early in embryogenesis, during the initial generation and differentiation of the synthesized prior to the antisense treatment. This study also provides some comparison of the presynaptic motor neurons. Second, the levels of expression and targeting of CRD-NRG are developmen-CRD-NRG isoform and the Ig-domain-containing ARIA neuregulin. The Ig-NRG differs from CRD-NRG in both tally regulated: as soon as axon extension from visceral and somatic motor neurons is seen, CRD-NRG immunothe timing and spatial pattern of expression as well as in the profile and timing of its biological activities. reactivity is evident in the advancing neurite outgrowth. Third, CRD-NRG mRNA expression is highest just prior Our use of CRD-NRG N-terminal-specific and Ig-NRG N-terminal-specific probes for Northern and in situ studto the onset of synaptogenesis in sympathetic ganglia, and immunoreactive CRD-NRG is prominently expressed ies permits direct comparison between the two splice isoforms. Likewise, by using primers specific for each in preganglionic projections. Fourth, recombinant CRD-NRG induces the phosphorylation of immunoprecipitaisoform, semi-quantitative RT-PCR assay reveals differences in the levels of expression of CRD-NRG and Igble ErbB2, ErbB3, and ErbB4 (data not shown) in cell lines that overexpress NRG receptors. CRD-NRG mim-NRG. The differences noted in both the timing and levels of expression are consistent with a role for CRD-NRG ics the effects of VMN-CM inducing phosphorylation of p185 protein in sympathetic neurons. Fifth, recombinant in both the initiation of synapse formation within lumbar sympathetic ganglia and the primary induction of synap-CRD-NRG increases the magnitude of ACh-evoked macroscopic currents without altering GABA-evoked tic transmitter receptors by sympathetic neurons. Ig-NRG may serve to further modify nAChR expression as currents in synaptically naïve sympathetic neurons, and it mimics the effects of presynaptic input and VMN-CM.
increased levels of ␣5 and ␣7 nAChRs are detected at later stages of synaptogenesis (Devay et al., 1994) . Sixth, recombinant CRD-NRG augments the levels of CRD-NRG specifically upregulates ACh-mediated re-CRD-NRG may be the principle form of such activity at newly formed neuromuscular synapses. sponses in sympathetic neurons mimicking the effect of input. In contrast, although recombinant Ig-NRG has little net effect on ACh-evoked currents elicited in sym-
Experimental Procedures
pathetic neurons, it does induce significant increases in the magnitude of GABA-evoked currents. This effect Cloning and Characterization of CRD-NRG cDNA A cDNA library was constructed from mRNAs isolated from mixed of Ig-NRG on GABA receptor-mediated currents is par-subunit gene expression (␣3, ␣5, ␣7, ␤4; duplicates for each reacreagent (Gibco-BRL) and conditioned in Opti-Mem media (Gibco-BRL) for 2-3 days. Conditioned media from 3 ϫ 10 cm dishes/ tion). The primers for each subunit were as follows: ␣3 (accession M37336) sense (S) 963-980 nt and antisense (AS) 1261-1278 nt; ␣5 construct/transfection were collected and concentrated to ‫-02ف‬fold though a Centriprep-10 concentrator (Amicon). A dose-response (J05642) S 863-880 nt and AS 1205-1222 nt; ␣7 (X52295) S 975-982 nt and AS 1478-1495 nt; and ␤4 (J05643) S 959-972 nt and AS curve of p185 tyrosine phosphorylation was generated on MCF7 cells for each batch of concentrated recombinant material. The 1338-1355 nt. PCR reactions were performed under the same conditions as above in a 25 l volume containing the same reagents as amount (5-20 l CM) of added recombinant material required for equivalent, half-maximal phosphorylation of the p185 protein was above except primers and templates. PCR products were purified, counted, and normalized as above. A cDNA construct containing all used as the test concentration in assays of recombinant NRG activity. nAChR subunit primers was used in parallel reactions for generating standard curves and PCR reactions were run within the linear range (Devay et al., unpublished data) .
Generation and Characterization of the Anti-CRD Antibody For semi-quantitative RT-PCR assay from innervated and nonin-A peptide corresponding to the sequence NH2-IAGLKWVFVDKIFEY nervated sibling neurons, the cytosol was collected by applying DSPTHL-COOH (85-107) was synthesized by the Core Facility at negative pressure to a patch electrode after establishment of wholeColumbia University Physicians and Surgeons (generously provided cell configuration. After breaking the pipette tip in an Eppendorf by R. Axel). This peptide was conjugated to KLH with glutaraldehyde tube, RNA was reverse transcribed into cDNA directly in a 30 l by Pocono and injected in Freund's adjuvunct into sheep for antifinal volume (300 Unit SuperScriptII, GibcoBRL). Aliquots of cDNA body generation (Pocono Farms, PA). First, second, and third test were amplified to assess the expression of nAChR subunits as boost bleeds were collected and assayed for anti-CRD-NRGabove.
specific immunoreactivity. All data reported here used the third and highest titer sera. Specificty of this antibody for the CRD-NRG isoNorthern Hybridization form was confirmed by Western blotting of recombinant NRGs. The Total RNA from spinal cord was isolated as described above. Thirty signal was blocked by preincubation of the antibody with CRD pepmicrograms of total RNA of each sample was fractionated on a tide (100 nM). 1.0% agarose/2.2 M formaldehyde gel, transferred to a membrane (Schleicher and Schuell, Nytran), and UV cross-linked (FB-UVXL-1000, Fischer Biotech). Probe specific for CRD-NRG or Ig-NRG was Immunohistochemistry labeled using a random priming kit (Promega). The blot was prehy-ED6-ED11 chick spinal cords with attached sympathetic ganglia bridized (0.5 M Na-phosphate, 7% SDS, 1% BSA, 1 mM EDTA, 50
were dissected and fixed in 4% PFA. Following equilibration in 30% g/ml sperm DNA) at 65ЊC for 4 hr and hybridized at 65ЊC overnight.
sucrose/PBS, tissues were embedded in OCT, and 30 m frozen The blot was washed in 2ϫ SSC and 0.1% SDS and then in 0.2ϫ sections were cut. Sections were treated with 0.3% hydrogen perox-SSC and 0.1% SDS several times at 65ЊC and finally was exposed ide/PBS (20 min) and blocked overnight (3% horse serum [HS]/PBS, to Kodak XAR film with intensifying screens for 3-10 days. The same 0.1% Triton X-100) at 40ЊC. The anti-CRD antiserum (diluted 1:2000 blot was first probed with Ig-NRG and then probed with CRD-NRG in 1% HS/PBS ϩ 1% BSA) was applied to sections and incubated after stripping the membrane in boiling 0.1% SDS. Finally, chick ␤ overnight at 4ЊC. After being washed in PBS, sections were exposed actin probe was used to compare the equivalency of loading among to a biotin-conjugated donkey anti-sheep antibody in 1% HS/PBS different samples.
overnight at 4ЊC. The ABC elite and Vectastain-SG kits (Vector Labs) were used for signal detection.
In Situ Hybridization
The trunks were dissected between lower thoracic and upper lumbar regions of ED4, ED6, and ED8 chick embryos. Tissues were fixed Analysis of Phosphotyrosine Activity in 4% paraformaldehyde/PBS (PFA) overnight at 4ЊC, saturated in Lumbar sympathetic chains (ED11) were dissected and acutely dissucrose/PBS (15% and 30%), and embedded in OCT. Serial cryostat persed into single cells (Role, 1984) . After 4-hr incubation in DMEM sections (16 m) were cut and collected on polylysine-coated slides.
without serum, cells ‫5ف(‬ ganglia/35 mm dish) were treated with Before hybridization, sections were postfixed in 4% PFA for 20 control CM, Ig-NRG, CRD-NRG, or VMN-CM at 37ЊC for 20 min. min and washed in PBS. The slides were then dipped into acetic Cells were lysed in 50 l of Laemmli sample buffer (2ϫ) and boiled anhydride solution, washed in PBS, and then prehybridized (50% for 20 min. All protein extracts from each sample were fractionated formamide, 5ϫ SSC, 5ϫ Denhardts, 250 g/ml E. coli tRNA, 500 on 5% SDS-PAGE, transferred to nylon membrane (Westran), g/ml sperm DNA) at room temperature for 4 hr. Hybridization was blocked (5% BSA/TBS), and exposed to a monoclonal anti-phosperformed at 55ЊC for 18 hr (50% formamide, 0.3 M NaCl, 20 mM photyrosine (␣-pY) antibody (4G10, 1:2000, UBI). The blots were Tris-HCl [pH 7.5], 5 mM EDTA, 10 mM Na 3PO4 [pH 8], 10% dextran then incubated with secondary antibody (HRP-conjugated goat antisulfate, 1ϫ Denhardt's, and 0.5 mg/ml yeast tRNA with 5 ϫ 10 7 cpm/ mouse IgG antibody, 1:10000) and visualized by ECL. ml [
33 P]UTP [Amersham] ribo-probe). Sections were washed, treated MCF7 cells were plated in 6-well dishes and grown to near confluwith RNase A (20 g/ml, Sigma), and washed again in 0.2ϫ SSC ence. Cells were serum starved for ‫4ف‬ hr and then exposed (10 min) twice at 65ЊC for 1 hr. After dehydration in ethanol series, sections to 0.5 ml unconcentrated VMN-CM, which was treated with various were processed for autoradiography using NTB3 Kodak emulsion oligonucleotides for 4 days (see antisense oligo treatment methods and exposed for 1 week at 4ЊC. Slides were then developed, stained below). About 1/5 of total protein lysate was used for ␣-pY Western with hamotoxlin and eosin, and examined using both bright-and blot to detect the phosphorylation of p185 receptor. The blot was dark-field under a compound microscope (Zeiss).
stripped and reprobed with anti-ErbB3 antibody (C-17, 1:100; Santa The templates for probe transcription were generated by subclonCruz). The relative density of each band was measured by densiing of CRD-NRG N termini ‫006ف(‬ bp) and ARIA N termini plus Ig tometry. domain ‫053ف(‬ bp) into a pBluescript vector. The ChAT cDNA was generously provided by Dr. T. Jessell (Columbia Physicians and Sympathetic Culture and NRG Treatment Surgeons). Sense and antisense [␣-33 P]UTP RNA probes were synCultures of ED9 primary sympathetic neurons were prepared as thesized using T7 or T3 RNA polymerase (Promega) and purified described previously (Role, 1984) . Neurons plated in 35 mm dishes through a G-50 spin column (Boehringer Mannheim).
were maintained in 1 ml 2% CEE medium for 2 days. Medium (0.5 ml) was then removed from each dish, mixed with CRD-NRG or Expression of Recombinant CRD-NRG and Ig-NRG Ig-NRG recombinant proteins (concentrated COS CM, 5-20 l as The CRD-NRG cDNAs were subcloned into a PcDNAI-AMP vector determined from dose-response curves) or an equal volume of conin both sense and antisense orientations. The CRD-NRG antisense trol COS CM, and replaced into the same dish. Cells were incubated construct was used as a control. Ig-NRG cDNA (chick ARIA fullwith recombinant NRGs or control CM for 1 or 3 additional days, length sequence) was kindly provided by G. D. Fischbach and colprior to whole-cell recording and/or subunit gene expression assays, leagues. CRD-NRG and Ig-NRG recombinant proteins were produced in COS cells by transient transfection with LipofectAMINE as indicated in the text.
